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a b s t r a c t
Flexible risers are presently seen as an attractive alternative to their rigid counterparts in the offshore
oil exploration industry, mainly because of their relatively simpler mounting and transportation.
However, the complexmulti-layered structurewhich guarantees high flexural compliance is not favorable
for inspection with most non-destructive testing (NDT) techniques, which makes structural integrity
evaluation difficult. Initial efforts concentrated on the search for a single technique which would ensure
reliable detection of armor failure, but recent studies have shown that the safest approachmay be to take
advantage of the redundancy obtained when different instruments are combined. This work presents
results of a full-scale dynamic loading test of a 6 m-long section of a flexible pipe with end-fittings
which was instrumented with a range of sensors. Of these, measurements of torsional angle variation,
axial displacement and Acoustic Emission were selected for a direct comparison. A detection pattern is
observed during forced rupture of the wires of one of the outer armor layers, and reliable identification
of events is possible when information from the three techniques is combined.
© 2011 Elsevier Ltd.Open access under the Elsevier OA license.1. Introduction
Flexible pipelines are layered structures capable of resisting
torsion, tension, internal/external pressure, and of deforming
under bending loads [1]. In the type of tube considered in this
work, where the layers are not bonded together, such mechanical
behavior is made possible by a system of metallic armors: an
inner carcass which conducts the internal product, a pressure
armor which ensures resistance to axially symmetric loads, and
two layers of helical metal strips which are counter-wound
around the interior structures. While these confer the mechanical
characteristics of the structure, polymeric layers prevent friction
between the metal layers, seawater ingress and internal fluid
leakage, and a thicker external layer protects the pipe from contact
or wear damage [2]. Fig. 1 shows the structure of a riser similar to
the one tested in thiswork. Of particular importance is the integrity
of the armor layers since these may cause total collapse of the
pipeline or tear-off of the softer layers and consequent leakage of
the internal product [3]. Considerable levels of stress concentration
in the vicinity of the end fitting which connects the pipeline to the
oil rig make this a region which is particularly prone to fatigue
∗ Corresponding author. Tel.: +55 51 33087473; fax: +55 51 33083988.
E-mail address: tclarke@demet.ufrgs.br (T. Clarke).
0141-0296/© 2011 Elsevier Ltd.
doi:10.1016/j.engstruct.2010.12.039
Open access under the Elsevier OA license.related failure [4]. Damage in the vicinity of the water level may
also occur due to contact with other risers or elements of the
platform [5]. Monitoring of the integrity of the riser in the near-
connector region is therefore important to ensure continuity of
production and safe operation.
Many studies can be found in the literature on testing andmon-
itoring of steel cables or wire ropes [6–9]; similarly to flexible
pipes, cables are designed to withstand great traction loads, and
their end-fittings are also often built by introducing their termi-
nation in epoxy-filled metallic sockets [10]. However, the flexi-
ble pipe which is the subject of the present study is considered
to be a far more complex structure. Firstly, its multilayer design
(described above, see Fig. 1) makes inspection and monitoring
significantly more difficult. Furthermore, differently from conven-
tional steel cables, the wires in these pipes have a considerably
larger cross-section area; this, associated with the considerably
hard and textured microstructure which results from their manu-
facturing processes, leads to important fracture mechanics issues.
Thewires are highly susceptible to smallmarks and pits, which can
easily cause crack nucleation; propagation mechanisms are those
found in fragile materials (mostly quasi-cleavage), which makes
failures occur almost instantly once the critical flaw size, which is
remarkably small, is reached. Ruptures of these wires cause struc-
tural instability and re-balancing of loads,which in turn causes fric-
tion between the unbrokenwires and the debris and sharp edges of
the broken ones; these effects can lead to rapid progressive failure
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which can shorten significantly the life of the structure. Conven-
tional cables, which are formed by intertwining thin steel threads,
do not suffer from such severe fracture mechanics issues. Not to
mention issues not addressed in this paper such as inner product
leakage into the structure, leading to corrosion–fatigue failures of
assorted types.
Systems based on a large number of strain-gauges installed at
several locations of the riser, monitoring axial tension and bending
moments, have been developed and tested in-field [11] and are
commercially available. However, it is thought that a systemwhich
combines different NDTmethods would lead to a less dense sensor
system, with less complex wiring and a smaller amount of data
to be collected and processed, with the additional advantage
of allowing correlations between indications of the different
techniques which can increase the reliability of detections.
In [12], an in-service monitoring strategy was outlined where
conventional NDT methods such as radiographic, ultrasound and
eddy current analysis, were associated with external dimensional-
measurement pigs, video camera imaging monitoring excessive
torsion of the pipe, and other less usual techniques. In [13] a
monitoring system based on Acoustic Emission was evaluated in
a full-scale test of a riser, giving reasonable results; the authors
recognize however that more development is needed if the
intention is to use this as the sole detection method, and consider
the use of other methods whichmay bemore sensitive to different
regions of the structure. Acoustic Emission (AE) is an interesting
method because of its small, unintrusive sensors which can be
attached to the exterior of the riser; however, it is known for being
problematic regarding noise, which leads to a high rate of false
calls, especially in industrial and uncontrolled environments such
as oil rigs [14].
Integritymonitoring during a full-scale test was also performed
in [15], this timewithOptical Fibre BraggGratings sensors attached
to all wires of the external armor. When failure of individual wires
was induced by machining, the system was capable of detecting
the occurrence of these eventswith precision andof localizing their
circumferential position. However, installation of such a system is
intrusive since it requires the removal of the external sheath of the
riser; unpublished results from tests performed with the sensors
attached to the surface of the outer sheath showed a considerable
reduction in reliability of indications, thus leading to a need for
redundant readings from other inspectionmethods. It is important
to mention that while circumferential and axial localization of
wire ruptures is desirable, it is not essential for structural integrity
evaluation; themechanical behavior of the riser iswell understood,
and a system capable of reliably indicating the number of intact
wires may be sufficient for remaining-life estimates.Fig. 2. Schematic of the state of the riser at the end of tests, indicating wires
ruptured in [10] (induced by machining) and in this test (induced by welding).
Ruptures considered in this work are the three final ones, indicated by the star
symbol.
In the present work, an array of AE sensors was used in
association with a self-designed differential position system,
measuring torsional angle variation and axial displacement of the
riser, during a full-scale dynamic loading test. During the test
wire ruptures were induced and their detection by the different
monitoringmethodswas evaluated. Itwill be shown that such a set
ofmonitoringmethods gives reliable detection of structural failure
and a useful insight into properties of the riser.
Results presented in this paper are part of a major investigation
of monitoring methods for flexible risers which has identified
other methods such as, for example, magnetic methods aimed at
detection of stress relaxationwhenwire rupture occurs [16,17] and
radiographic inspection [18], as possible components of a broad
inspection strategy.
2. Experimental method
This paper is a continuation of the work presented in [15], in
which other methods were used to monitor purposely-induced
wire failures in the riser. In the previous test 9 wires of the
structure were broken, and Fig. 2 shows the circumferential
position of these; the figure also shows the wires ruptured in this
test, the three final ruptures being the ones considered in thiswork.
Because the integrity of the structure was already compromised at
the beginning of this test, interpretation of the results shown in
the sections belowmust be performedwithin this context, and one
must take into account the fact that some of the indicationsmay be
more severe than those seen for initial wire failures.
Fig. 3(a) shows a schematic of the setup during the full-scale
dynamic loading tests; the specimen consisted of a section of
approximately 6mof a 6′′ (152mm) internal diameter flexible pipe
with riser-platform connectors adapted at both ends, one of these
being fixed onto a custombuilt loading frame and the other to a 250
ton actuator controlled by a MTS system. Fig. 3(b) shows a picture
of the setup used during the tests; the riser was instrumented
with 4 AE sensors attached with magnetic clamps along the
circumference of the fixed-end connector. Two pairs of AE sensors
were attached with adhesive tapes on the outer sheath of the
riser, one near the fixed-end connector and one near the opposite
connector. AE signals were recorded and analyzed with a Physical
Acoustics Corporation (PAC) DISP16CH equipment running AEwin
software, with a threshold level of 45 dB; sensors were the PAC
R15I-AST, which have a resonance at 150 kHz and significant
response up to 400 kHz [19]. Results presented in this work will
be the number of Counts (number of times the signal amplitude
overcame the threshold value) and Energy readings, which can be
roughly described as the area bellow an acoustic emission signal; a
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Fig. 3. (a) Schematic drawing of the test frame with riser assembly and actuator; (b) Photograph of riser in frame showing several different systems used during the test.more exact definition of how this quantity is achieved is available
in [20]. Fig. 3(b) also indicates the locations at which a differential
position system was attached; this was developed by the Physical
Metallurgy Laboratory (LAMEF) of the Federal University of Rio
Grande do SUL (UFRGS), and consisted of a reference set of
sensors, positionedon the fixed-end connector, communicating via
a wireless connection to another set, positioned on the riser itself.
This system gave accurate values of torsional angle variation and
of axial displacement whichwere transmitted to a PC and acquired
with a purpose-developed software.
A dynamic cycle of 0.1 Hzwas applied to the specimen. Initially,
to stimulate accommodation of the structure, load was applied in
steps, as seen in Fig. 4, which shows the loading time history along
with the mean value of the cycles (dark line). After this sequence,
load was kept constant and a wire rupture was induced in the
region close to the fixed connector at the time indicated by the first
vertical line in the figure. Wire rupture induction was achieved by
heating the wire locally by arc welding, water quenching the area,
and then etching the surface of the regionwith a Nital 10% solution
to stimulate hydrogen embrittlement; this procedure is thought to
create a brittle region in the wire which leads to an abrupt fragile
fracture, similar to that found in real operation conditions. This
method also avoids the loss in wire cross-section which results
from pre-crack machining, which could reduce the amount of
energy liberated in the form of acoustic emission. Furthermore this
method of inducing fracture does not lead to substantial detection
of unwanted AE events due to machining of pre-cracks, as was the
case in [15].
After the initial step loading region, a sequence of variations in
amplitude and in the mean value of the cycle were imposed on the
structure. These highly variable conditionsweremeant to simulate
load variations seen in real operation conditions. Fig. 4 also shows
the DC-balanced load history, which is useful to differentiate
between increases in the mean value and in the amplitude of the
cycle. Fig. 4 shows two more vertical lines which indicate the
time at which further ruptures were induced; care was taken to
always maintain the loading cycle constant for a few cycles after
the ruptures in order to identify changes in the behavior of the
system.
3. Results and discussion
3.1. Torsional angle variation and axial displacement measurements
Fig. 5 shows the variation in torsional angle measured
throughout the tests. The instrument is set in order to consider
clockwise rotation as positive. Dark vertical lines indicate the time
at which ruptures occurred and the grey vertical lines indicate
variations in load; it is clear that both cause significant torsion of
the riser and differentiating between the two effects is difficult.Fig. 4. Force time history and DC-balanced time history: (a) Detail of initial
stepping sequence; (b) further loading sequence. Vertical lines indicate time ofwire
ruptures.
Fig. 5. Time histories of the torsional angle variation (1a) and the axial
displacement (D). Dark vertical lines indicate time of wire ruptures; grey vertical
lines indicate change in load.
As an example, the third wire rupture and the previous change
in load have a very similar effect on the torsion of the tube. It is
interesting to note that the initial step cycles which were imposed
on the tube, cause significant twist of the tube, which is probably
due to re-accommodation of the structure and of the wires which
were already broken at the start of the test.
Fig. 5 also shows the axial displacement measured during the
test. Again, strong stretching of the tube is seen during the step
loading phase, which corroborates with the indications of re-
accommodation of the layers of the structure during this stage. The
difference between changes caused by loading and ruptures are
evenmore subtle in this case; this indicates that further processing
of the data is needed if any reliable information on events is to
be extracted. As an initial evaluation of the raw data presented in
1184 T. Clarke et al. / Engineering Structures 33 (2011) 1181–1186Fig. 6. Logarithm of the envelope of the DC-balanced time history of the axial
displacement (logDDC , top) and the torsional angle variation (1aDC , bottom). Dark
vertical lines indicate time of wire ruptures; grey vertical lines indicate change in
load.
Fig. 5, the DC-balanced histories for each quantity were extracted
similarly to what was done in Fig. 4; these values are called DDC
(axial displacement) and 1aDC (torsional angle variation). Fig. 6
shows the logarithm of the envelope of DDC and1aDC as a function
of test time. Only load changes can be seen in the DDC plot of Fig. 6,
but indications of ruptures, with a remarkable difference in shape
from load changes, can be seen in the 1aDC plot of Fig. 6. Apart
from this, it is also interesting to note that when structural re-
accommodations occur in the initial stages of loading, there is a
noticeable reduction in amplitude values of both DDC and 1aDC,
which was not observable from the raw data of Fig. 5.
Further processing of the raw data leads to Fig. 7; here
the short-time Fourier Transform of DDC and 1aDC were taken,
and the logarithm of the results is shown in Fig. 7(a) and (b)respectively. Frequency values are shown only up to 0.1 Hz,
which is the test loading frequency. Fig. 7(a) shows lines at the
points of wire ruptures (indicated by the dark arrows) which
can be easily differentiated from the steps seen when load
changes, since the latter seem to have constant amplitude over
all frequencies. Results for axial displacement on the other hand
show no indications at the expected positions of wire ruptures,
but clearly discernible steps where load changes occur. Fig. 7(c)
shows the logarithm of1aDC/DDC; this seems to be a good way of
compensating for the steps seen at load change positions, so that
indications due to ruptures are more easily identified. Some peaks
occur at very low frequencies which are due to the division step of
the processing algorithm, but these do not interfere with detection
of failures.
3.2. Acoustic emission
Fig. 8(a) shows the number of counts of signals detected by two
of the AE sensors positioned at the fixed-end connector. As before,
dark vertical lines show time of rupture occurrence and grey lines
indicate changes in loading. It is clear that detection of events
with this parameter is difficult since considerable indications are
seen both when fracture occurs and when loading parameters
are changed. A strong indication which is seen at the end of
the test time is due to unloading of the test rig. There is also
substantial noise in regions where neither ruptures or change in
load happened, especially after 18000 s, where the highest load
cycle amplitudes were imposed on the structure. This seems to
indicate that the large amplitude motion of the structure under
these loads (indicated by the large amplitude values in Fig. 5 in this
region) and the significant interaction between different layers and
structural elements caused frequent acoustic emissions,with near-
random Counts parameter values but which did not exceed 8000.a b
c
Fig. 7. Logarithm of the short-time Fourier Transform analysis of the DC-balanced time history of: (a) the torsional angle variation (1aDC); (b) the axial displacement (DDC);
(c)1aDC/DDC . Arrows indicate time of wire ruptures.
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Fig. 8. Results of analysis of acoustic emission signals detected by sensors placed on connector: (a) Counts; (b) Energy. Dark vertical lines indicate time of wire ruptures;
grey vertical lines indicate change in load.Fig. 9. Counts and energy results of analysis of acoustic emission signals detected
by sensors placed on outer sheath. Dark vertical lines indicate time ofwire ruptures;
grey vertical lines indicate change in load.
Fig. 8(b) shows that when the Energy parameter of the
acoustic emissions is considered there is some improvement, but
differentiation between ruptures and load changes is still difficult.
For these results, a possibility could be to use a Energy filter
at 30000, which would eliminate all change in load indications
(except the one at the end of the test time which again is due to
unloading of the structure). However, it is difficult to guarantee
the robustness of such an approach (as will be discussed below).
It is important to note the signal to noise is greatly improved in
relation to Fig. 8(a) when the indications due to high amplitude
loading beyond 18000 s are considered.
Fig. 9 shows results for Counts and Energy parameters for two
AE sensors positioned on the surface of the outer sheath of the
riser. Channel 3 is closer to the wire ruptures whereas Channel 4
was close to the opposite connector. The figure shows considerably
more clear indications at the expected position of the ruptures; this
is thought to be due to the attenuative nature of the elastomeric
sheaths of the riser, which damp the amplitude of the unwanted
acoustic emissions caused by structural re-accommodation and
friction or contact between structural elements of the riser.
It is important to mention that despite Acoustic Emission being
an interesting option due to its low profile sensors which can be
non-intrusively attached to any point of the riser, the fact that the
technique can lead to false calls means that a detailed analysis
of different parameters of the AE readings (including others not
considered here) is necessary if noise is from events other than
ruptures. Another issue is that in industry the connector area is
generally regarded as a weak point, where most of the fracturesmay occur, and this was the assumption made when wire fracture
were induced in the test performed in this work. However, one
always has to consider the case where fractures occur several
meters away from the connector. This type of situation presents a
challenge to EA inspections that rely on filters, since the waveform
is likely to deform due to strong signal attenuation and increase
of duration due to dispersion and multiple reflections within the
structure. These effects become worse if the system relies only on
one set of sensors positioned, for example, in the near-connector
region; this would mean that signals from events occurring
elsewhere would have to propagate long distances before being
picked up by the sensors. However, it is thought that the use of
distributed groups of sensors, located at periodic intervals along
the axial length of the region which is considered to be the most
vulnerable, along with careful filter parameter optimization may
lead to a robust system. The results presented in Fig. 9, for sensors
positioned on the external surface of the riser, at a considerable
distance from each other seem to show that such a configuration
is adequate.
4. Conclusions
Full scale dynamic loading testswere successfully performed on
a 6 m-long section of flexible riser with end connectors. A series
of monitoring and NDT methods were used to identify induced
rupture of wires of the external structural armor of the riser; of
these, results obtained with an Acoustic Emission system, and
torsional angle variation and axial displacement values measured
by a self-designed differential position system were selected for
evaluation. It was shown that raw data from the differential
position system did not allow a reliable differentiation between
failure of structural elements and variations in loading conditions;
however, careful processing of the data led to different ways
of ensuring robust identification of wire rupture. These results
were useful in validating readings from Acoustic Emission sensors
placed at the connector and at different positions on the outer
sheath of the riser. AE is a very attractive NDT method due
to its non-intrusiveness, but it can lead to false calls due to
its sensitivity to noise, even in controlled test conditions; its
application as a sole monitoring technique for in-field applications
is therefore discarded. However, it is shown that if Acoustic
Emission is combined with other NDT methods, spurious signals
can be eliminated andwire rupture indications can be validated by
the redundancy between the readings of the different techniques.
It is also shown that a sensor’s position on the surface of the riser
gives clear indications ofwire ruptureswith significantly lownoise
and an absence of false calls.
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